Aims/hypothesis. Kallikrein-binding protein (KBP) is a serine proteinase inhibitor (serpin). It specifically binds to tissue kallikrein and inhibits kallikrein activity. Our study was designed to test its effects on retinal neovascularization and vascular permeability. Angiogenesis in the retina is controlled by a delicate balance between angiogenic stimulators (e.g., vascular endothelial growth factor, VEGF) and angiogenic inhibitors (e.g., pigment epithelium-derived factor, PEDF) [1, 2, 3] . Under certain pathological conditions such as diabetic retinopathy and retinopathy of prematurity (ROP), the retinal cells increase the production of angiogenic stimulators while decreasing angiogenic inhibitors in response to local hypoxia [4, 5] . These changes break the balance in angiogenesis control and consequently, resulting in over-proliferation of capillary endothelial cells and retinal neovascularization which is a common cause of blindness [2, 3, 6] . The molecular mechanism leading to retinal neovascularization is presently not known.
The retina and vitreous fluid contain endogenous angiogenic inhibitors [7, 8, 9, 10, 11] . PEDF, a serine proteinase inhibitor (serpin), has been identified as a potent angiogenic inhibitor endogenously expressed in the retina [12] . Angiostatin has also been identified in human vitreous fluid [13] . Decreased concentrations of angiostatin and PEDF have been shown to correlate with the development of proliferative diabetic retinopathy [13, 14] .
The tissue kallikrein-kinin system consists of tissue kallikrein, kallikrein-binding protein (KBP), kinins, kininogens (precursors of kinins), kininases and bradykinin receptors [15] . Tissue kallikrein is a serine proteinase which cleaves kininogens to release vasoactive kinins. Kinins interact with bradykinin receptors on the cell surface and exert a variety of biological effects. It is known that most functions of kinins such as vasodilation, regulation of local blood flow and tissue metabolic rate, production of pain and inflammatory responses, are mediated by the B 2 kinin receptor [15, 16] . Kinins also have a direct mitogenic effect on endothelial cells [15, 16] . It has been shown that the angiogenic activity of kinins is mediated by the B 1 kinin receptor [17, 18] .
KBP was originally identified from rat serum as it binds to tissue kallikrein, forming a SDS-stable complex [19, 20] . It inhibits kallikrein activity in transgenic mouse over-expressing kallikrein. KBP has been shown to have vascular function independent of its interactions with the kallikrein-kinin system [21, 22] . KBP is predominantly produced in the liver. It has been identified in a number of other tissues including the retina and vitreous [23] . KBP shares a considerable sequence homology with other serpins such as α1-antitrypsin and α1-antichymotrypsin, suggesting that it belongs to the serpin super family [24] .
The serpin super family consists of multiple proteins with widely diverse functions [25] . Some of the serpin members, such as PEDF, antithrombin and maspin, have been shown to have anti-angiogenic activity [12, 26, 27] . Previous evidence indicates that KBP is involved in blood pressure regulation, inflammatory response and animal growth [28, 29, 30] . In ocular tissues, KBP concentrations were reduced in the retina of rats with streptozotocin (STZ)-induced diabetes and in vitreous from patients with proliferative diabetic retinopathy [23, 31] . These results suggest that KBP has certain functions independent of its interactions with the kallikrein-kinin system [32] .
We determined the effect of KBP on angiogenesis and vascular leakage and possible mechanism of action using primary endothelial cells and a rat model of oxygen-induced retinopathy (OIR).
Subjects and Methods
Materials. The rat Müller cell line, rMC-1, was a generous gift from Dr. V. Sarthy at the Northwestern University. Retinal capillary endothelial cells (RCEC) and pericytes were isolated from bovine eyes following a protocol described previously [33, 34] . The identity of RCEC was confirmed by a characteristic cobblestone morphology and the incorporation of acetylated low-density lipoprotein labelled with a fluorescent probe, DiI (1,1′-dioctadecyl-3,3,3′,3′-tetramethylindocarbocyanine perchlorate) (Biomedical Technologies, Stoughton, Mass., USA). Purity of the pericyte culture was determined by immunostaining using an FITC-conjugated antibody specific to α-smooth-muscle actin (Sigma, St. Louis, Mo., USA).
Brown Norway rats were purchased from Harlan (Indianapolis, Ind., USA). Care, use and treatment of all animals in this study were in strict agreement with the ARVO Statement for the Use of Animals in Ophthalmic and Vision Research, as well as the guidelines set forth in the Care and Use of Laboratory Animals by the Medical University of South Carolina.
Expression and purification of recombinant KBP. The KBP cDNA containing a sequence coding for the full-length mature peptide was amplified from the total RNA of rat liver by reverse transcription-polymerase chain reaction (RT-PCR) as described previously [35] . The 5′ PCR primer (5′-GTC-GGATCCTGATGGCATACTGGGAAG-3′) and the 3′ primer (5′-GTGGAGCTCATGGGGTTAGTGACTTTG-3′) contain a Bam HI and Sac I site, respectively. The PCR product was cloned into the pET28 vector (Novagen, Madison, Wis., USA) at the Bam HI and Sac I sites in frame with the sequence encoding the 6x His tag at its 3′ end.
The KBP/pET28 construct was introduced into E. coli strain BL-21/DE3 (Novagen, Madison, Wis., USA). The expression and purification were carried out as described previously [36] . Endotoxin concentrations were monitored using a limulus amebocyte kit (Biowhittaker, Walkersville, Md., USA).
Quantification of viable cells. Cells were plated in 12-well plates in triplicate and cultured in the growth medium until they reached 60 to 70% confluency. The culture medium was replaced with a medium containing 1% fetal bovine serum (FBS). Recombinant KBP was added to the cover medium to various concentrations and incubated with the cells for 72 h. The viable cells were quantified by the MTT assay (3-[4,5-dimethylthiazol-2-yl]-2,5-dephenyl tetrazolium bromid, Roche, Mannheim, Germany) following a protocol recommended by the manufacturer.
[3H] thymidine incorporation assay. RCEC were seeded in 24-well plates in 1:1 DMEM + F-12 nutrient mixture plus 10% FBS and cultured in a CO 2 incubator to reach 60 to 70% confluency. The cells were washed three times with PBS and the growth medium replaced by a medium containing 1% FBS and different concentrations of KBP. After a 24-h culture, [ 3 H] thymidine was added to the medium (2 µCi/well) and incubated with the cells at 37°C for 12 h. Free [ 3 H] thymidine was removed by three washes with PBS, and a solution of 6% TCA was added to the wells. The TCA solution was removed, and the wells were washed once with PBS. The remaining material was solubilized with 200 µl of 1 mol/l NaOH [37] . Incorporated Quantitative analysis of apoptosis by flow cytometry. RCEC were plated at a density of 10 5 cells per well in 6-well plates. Two days after seeding, the cells were exposed to KBP at a different concentration for 24 h and harvested for Annexin and propidium iodide (PI) staining using the Annexin V-FITC Apoptosis Detection Kit (Sigma, St. Louis, Mo., USA) following the protocol recommended by the manufacturer. Colchicine (Sigma), which is known to induce apoptosis by disrupting microtubules and preventing its polymerization, was used as a positive control. The cells were subsequently counted by flow cytometry.
Induction of retinal neovascularization and intravitreal injection of KBP.
Retinal neovascularization was induced as described in another study [38] with some modifications. Briefly, newborn pigmented Brown Norway rats at postnatal day 7 (P7) were exposed to hyperoxia (75% O 2 ) for 5 days and then normoxia. Animals were anesthetized, and KBP was injected into the vitreous of the right eye through the pars plana using a glass capillary. The left eye received the same volume of PBS as the control. After injection, the animals were kept in normoxia for another 5 days for further analyses.
Retinal angiography with high molecular weight fluorescein and quantification of neovascularization. Retinal angiography was as described previously [38] . Briefly, rats were anesthetized and perfused with fluorescein via intra-ventricle injection of 50 mg/ml of high molecular weight (2×10 6 ) fluorescein isothiocyanate-dextran (Sigma). The animals were immediately killed and the eyes were enucleated and fixed in 4% paraformaldehyde for 10 min. The retina was dissected free of the lens and vitreous and incubated in 4% paraformaldehyde for 3 h. The retina was cut and flat-mounted on a gelatin-coated slide. The vasculature was then examined under a fluorescent microscope (Axioplan2 Imaging, Zeiss).
Retinal neovascularization was quantified by counting preretinal vascular cells as described previously [36] . The average number of pre-retinal vascular nuclei was compared to the PBS control group by a Student's t test.
Measurement of vascular permeability. Vascular permeability was quantified by measuring albumin leakage from blood vessels into the retina, iris and choroid using Evans blue following a documented protocol [39] with minor modifications. Evans blue dye (Sigma) was dissolved in normal saline (30 mg/ml), sonicated for 5 min and filtered through a 0.45-µm filter (Millipore, Bedford, Mass., USA). The rats were anesthetized, and Evans blue (30 mg/kg) was injected over 10 s through the femoral vein using a glass capillary under microscopic inspection. Evans blue non-covalently binds to plasma albumin in the blood stream [40] . Immediately after Evans blue infusion, the rats turned visibly blue, confirming their uptake and distribution of the dye. The rats were kept on a warm pad for 2 h to ensure the complete circulation of the dye. Then the chest cavity was opened, and the rats were perfused via the left ventricle with 1% paraformaldehyde in citrate buffer (pH=4.2) which was pre-warmed to 37°C to prevent vasoconstriction. The perfusion lasted 2 min under the physiological pressure of 120 mmHg to clear the dye from the vessel. Immediately after perfusion, the eyes were enucleated and the retina, iris and choroid were carefully dissected under an operating microscope. Evans blue dye was extracted by incubating each sample in 150 µl formamide for 18 h at 70°C. The extract was centrifuged (TL; Beckman) at 70 000 rpm (Rotor type: TLA 100.3) for 20 min at 4°C. Absorbance was measured using 100 µl of the supernatant at 620 nm. The concentration of Evans blue in the extracts was calculated from a standard curve of Evans blue in formamide and normalized by the total protein concentration in each sample. Results were expressed in micrograms of Evans blue per milligrams of total protein content.
VEGF binding assay. VEGF (PeproTech, Rocky Hill, N.J., USA) was labelled with 125 I using the Chloromine T 125 I Labelling Kit (ICN Pharmaceuticals, Inc. Costa Mesa, Calif., USA) following a protocol recommended by the manufacturer. For the binding assay, RCEC were seeded in 12-well plates and cultured until 80% confluency was reached. The culture medium was replaced with serum-free medium. 125 I-VEGF was added to the medium, 2.5×10 5 CPM/well with and without different concentrations of KBP or recombinant plasminogen kringle 5 (K5) and incubated with the cells for 1 h. The medium was removed and cells washed three times with PBS. The cells were then lysed by adding 0.35 ml 10% SDS. The cell lysates were collected, and the 125 I-VEGF bound to RCEC was quantified by a gamma counter.
Measurement of VEGF in the conditioned medium of RCEC by ELISA. RCEC were seeded in T75 flasks in endothelial cell growth medium and cultured in a CO 2 incubator to reach 60 to 70% confluency. The cells were washed three times with PBS and the growth medium replaced by a serum-free medium containing bFGF (GIBCO-BRL, Gaithersburg, Md., USA). KBP was added to the medium to various concentrations and incubated with the cells for 24 h under normoxia or hypoxia (in a chamber that was perfused with a mixture of 95% N 2 + 5% CO 2 ). The conditioned medium was harvested for VEGF ELISA and the cells were used for Western blot analysis. The conditioned medium was centrifuged and the protein concentration in the supernatant was measured with BioRad protein assay. VEGF concentration was measured using a VEGF ELISA kit (R&D systems, Minneapolis, Minn., USA) and normalized by total protein concentration in the medium.
Western blot analysis. One hundred micrograms of total protein were used for Western blot analysis of VEGF using an ECL detection kit (Amersham International, Piscataway, N.J., USA) [5] . The same membrane was stripped and re-blotted with an antibody specific to β-actin. VEGF concentrations were normalized by β-actin.
Statistical analysis. The Student's t test was used in all statistical analyses. A p value of less than 0.05 was considered statistically significant.
Results
Expression and purification of KBP. KBP was expressed in E. coli and purified to apparent homogeneity with the His.Bind affinity column. The purified recombinant protein showed an apparent molecular weight of 45 000 M r , matching the calculated molecu- (Fig. 1A) . The molecular weight of the recombinant protein is different from the native KBP (60 000 M r ) due to the lack of glycosylation in E. coli [20] . The identity of the band was confirmed by Western blot analysis using an anti-His tag antibody (Fig. 1B ). An average of 20 mg of purified KBP was obtained from 1 L of culture.
Specific inhibition of endothelial cell proliferation by recombinant KBP. RCEC were treated with recombi- (Fig. 2) which is similar to that of K5, a known angiogenic inhibitor [36] . At the same concentrations, KBP did not result in any inhibition of pericytes from the same origin as the RCEC or of the Müller cell line (p>0.05, n=4), suggesting that KBP inhibition is specific to endothelial cells (Fig. 2) .
The effect of KBP on cell proliferation rate was measured by [ 3 H]-thymidine incorporation assay. As shown in Fig. 3 , KBP inhibited thymidine incorporation in RCEC in a concentration-dependent manner from 5 to 160 nmol/l.
Induction of apoptosis by KBP.
To determine whether KBP might induce cell death, RCEC were incubated with different concentrations of KBP or 10 µmol/l cholchicine for 24 h, and the apoptotic cells were quantified using the Annexin V-flow cytometry method. Phosphatidylserine externalization is a characteristic of cells undergoing apoptosis. Annexin V-FITC kit allows for fluorescent detection of Annexin V bound to apoptotic cells and quantitative determination by flow cytometry. The Annexin V-FITC kit uses Annexin V conjugated with fluorescein isothiocyante (FITC) to label phosphatidylserine sites on the membrane surface. The kit includes propidium iodide (PI) to label the cellular DNA in necrotic cells where the cell membrane has been totally compromised. This combination allows the differentiation among early apoptotic cells (Annexin V positive, PI negative), necrotic cells (Annexin V positive, PI positive), and viable cells (Annexin V negative, PI negative) which can be located in the lower right, upper right, and lower left quadrants of the cytograms, respectively (Fig. 4A) . As only cells that are Annexin V-positive and PI-negative are truly apoptotic cells, the percentage of this cell population was quantified. The results showed that KBP increases apoptosis in RCEC in a dose-dependent manner (Fig. 4) .
Anti-angiogenic effect of KBP in an OIR model. Retinal neovascularization was induced in Brown
Norway rats by exposure of newborn rats to hyperoxia as described previously [5] . KBP was injected intravitreally at P12, and the control eyes received the same volume of PBS. Rats were kept under normoxia for another 5 days and retinal neovascularization examined by fluorescein angiography (P17). The control eyes (PBS-injected) developed typical retinal neovascularization, including neovascular tufts, microaneurysms, enlarged non-perfusion regions and vascular leakage (Fig. 5A) . KBP injection showed an apparent improvement in retinal vasculature (Fig. 5B) . KBP injection did not result in any apparent difference in retinal vasculature of normal rats (Fig. 5C, D) .
Quantification of pre-retinal neovascular cells showed that injection of 12.5 and 25 µg of KBP per eye both decreased pre-retinal vascular cells (p<0.01, n=8) (Fig. 5E ). This result suggests that a single KBP injection inhibits retinal neovascularization under ischaemic conditions.
No apparent histological evidence of retinal toxicity was observed in any analysed retinal sections after the KBP injection, suggesting that KBP, at the concentrations used, does not cause any detectable toxicity to the retina or to the normal vasculature.
Effect of KBP on vascular permeability. At P14, two days after the rats were returned to normoxia, the OIR rats received an intravitreal injection of 3 µl of KBP of concentrations of 2.4, 4.8 and 9.6 mg/ml in the right eye (four animals per dose group), and the same volume of PBS in the left. Two days after the KBP injection (P16), vascular permeability was measured by the Evans blue leakage method. The rats exposed to hyperoxia showed increased vascular permeability in the retina, iris and choroid when compared to the agematched normal rats (Fig. 6) . KBP injection decreased vascular permeability in a dose-dependent manner in the retina, iris and choroid of the hyperoxia-treated rats (Fig. 6) . At the high dose (9.6 mg/ml), KBP injection resulted in a decrease in permeability in all three tissues (p<0.01 in the retina and iris, and p<0.05 in the choroid, n=4). At the concentration of 4.8 mg/ml, KBP decreased vascular leakage in the retina and iris (p<0.05) but not in the choroid. At 2.4 mg/ml, KBP did not show any statistically significant effect in all three tissues (Fig. 6) .
Effects of B1 and B2 kinin receptor antagonists on RCEC.
To test whether the anti-angiogenic activity of KBP is via reducing kinin production by inhibiting the kallikrein activity, RCEC were treated with 5 µmol/l des-Arg 9 -[Leu 8 ]-bradykinin, a specific antagonist of the B 1 kinin receptor or Hoe-140, a specific B 2 kinin receptor antagonist in the presence or absence of 40 nmol/l KBP for 48 h, and viable cells were quantified by MTT assay. KBP treatment resulted in viable cell numbers of approximate 50% of the control (p<0.01, n=4), while the B 1 antagonist treatment resulted in viable cells of 85% of the control (p<0.05, n=4) (Fig. 7) . The B 2 antagonist showed no statistically significant inhibition to RCEC at a high concentration (5 µmol/l) (p>0.05, n=4) (Fig. 7) . The complete blockade of the B 1 receptor showed weaker inhibition of RCEC, compared to KBP alone (p<0.01, n=4), suggesting that the KBP-induced inhibition of RCEC cannot be through reducing kinin production.
Inhibition of VEGF binding to RCEC by KBP.
Incubation of 125 I-VEGF with RCEC for 1 h resulted in binding of VEGF to RCEC. To determine the competition between KBP and VEGF in RCEC binding, 125 I-VEGF was added to RCEC together with 0.5, 5 and 50 µg of unlabelled KBP to result in VEGF:KBP molar ratios of 1:5, 1:50 and 1:500, respectively. In the presence of excess amounts of KBP, VEGF bound to RCEC was decreased in a KBP concentrationdependent manner (Fig. 8) . In contrast, K5 did not inhibit VEGF binding with RCEC in the same concen- (Fig. 8 ), although they both specifically inhibit endothelial cells.
Down-regulation of VEGF expression by KBP.
As increased VEGF expression in the retina and vitreous play a key role in the development of retinal neovascularization, we have determined the effect of KBP on the expression of VEGF in cultured RCEC. VEGF secreted into the conditioned medium was measured by VEGF ELISA and normalized by total protein concentration in the medium. The result showed that KBP treatment resulted in reduced VEGF in the medium and the effect appeared to be dependent on the concentration of KBP (Fig. 9A) . Western blot analysis showed that KBP also reduced VEGF concentrations in the cell lysate of RCEC in a concentration-dependent manner (Fig. 9B) .
The effect of KBP on VEGF expression was also examined in vivo. After the intravitreal injection of 25 µg KBP, VEGF concentrations were measured in the retina with OIR. Consistent with the results in cultured RCEC, KBP injection decreased retinal VEGF concentrations to approximate 35% of the control (p<0.01, n=3) (Fig. 9C) , suggesting that the vascular activities of KBP in this animal model could be through down-regulation of VEGF expression in the retina.
Discussion
KBP is a member of the serpin super family that specifically binds to tissue kallikrein, forming a covalent complex [20] . We have shown that KBP inhibited the development of retinal neovascularization and decreased vascular leakage in the retina, iris and choroid in a rat model of OIR. Our results also showed that KBP blocks VEGF binding to its receptors and downregulates VEGF expression, which could represent a mechanism responsible for its anti-angiogenic activity.
KBP is known to form a covalent complex with tissue kallikrein [20] . Delivery of the KBP gene into the transgenic mouse over-expressing kallikrein reverses the effect of kallikrein on blood pressure regulation, Retinal VEGF concentrations were measured by Western blot analysis, semiquantified by densitometry, normalized by β-actin and expressed as percentages of the control (mean ± SD, n=3). 1 OIR retina with PBS injection and 2 OIR retina with KBP injection which provides in vivo evidence that KBP inhibits the activity of tissue kallikrein, and this inhibition could contribute to the regulation of vasodilation and local blood flow [29] . KBP is present in the retina and vitreous at high concentrations, suggesting that it could have physiological functions in the ocular tissues [23, 31] . The vitreous KBP concentrations were decreased in patients with proliferative diabetic retinopathy, suggesting its possible role in diabetic retinopathy [31] . Previous studies have shown that KBP is a potent angiogenic inhibitor [22] . Our results confirmed its anti-angiogenic activity in a retinal neovascularization model. Moreover, the present study has shown a new activity of this serpin, i.e. decreasing vascular permeability and vascular leakage.
As KBP can inhibit the releases of bioactive kinins from kininogen [41] , and kinin promotes angiogenesis through the B 1 receptor [17, 18] , a natural question is whether the anti-angiogenic activity of KBP is through its inhibition of kallikrein activity and consequent reduction of kinin production. We used selective B 1 and B 2 kinin receptor antagonists to treat endothelial cells and compare their inhibitory effects with that of KBP alone. It has been shown previously that at 1 µmol/l, the B 1 receptor antagonist des-Arg 9 -[Leu 8 ]-bradykinin is able to completely block the bradykinininduced endothelial cell proliferation [42] . Here, we used a high concentration (5 µmol/l) of des-Arg 9 -[Leu 8 ]-bradykinin to ensure a complete blockade of the B 1 receptor. The result showed that the inhibitory effect on RCEC by complete blockade of the B 1 receptor was weaker than that of KBP alone (p<0.01), while blocking the B 2 receptor had no inhibition. These results suggest that the anti-angiogenic activity of KBP cannot be ascribed to the inhibition of kinin production. This observation is consistent with previous findings [21, 22] . It is possible that KBP is a multi-functional protein which has several independent activities, i.e, binding with tissue kallikrein, inhibiting angiogenesis and decreasing vascular permeability. We hypothesize that these functions involve distinct structural domains in KBP. The multi-functional feature has also been documented in other serpins. Antithrombin III is known to inhibit thrombin and also has anti-angiogenic activity [26] . PEDF, a non-inhibitory serpin, possesses both neurotrophic and anti-angiogenic activities [12, 43] .
In the past few years, a number of endogenous angiogenic inhibitors have been identified. Most of these inhibitors can be classified into two major groups: serpins including PEDF, maspin and anti-thrombin III [12, 26, 27] , and peptide fragments of extracellular proteins including endostatin, angiostatin, K5 and tumstatin [44, 45, 46, 47, 48] . Recently, it has been shown that several fragments of extracellular proteins, e.g. angiostatin, endostatin and tumstatin bind to integrins, and their anti-angiogenic activities have been suggested to be through interfering with the integrin signalling [48, 49, 50] . However, the molecular mechanisms of the anti-angiogenic serpins are still unknown. Our results showed that KBP inhibits VEGF binding to its receptors on endothelial cells. Efficient binding of VEGF to its receptors is known to depend on heparin binding [51, 52] . As KBP is also a heparinbinding protein [20] , the inhibition of VEGF binding to its receptors by KBP could be through competing on heparin binding. Our results also show that KBP down-regulates VEGF expression under hypoxia. The mechanism responsible for the KBP-mediated downregulation of VEGF is presently not known. VEGF is a potent endothelial cell growth factor, and increased VEGF expression is a major cause of pathological angiogenesis and vascular leakage as found in diabetic retinopathy [53] . Inhibition of VEGF binding to its receptors and down-regulation of endogenous VEGF could represent a mechanism underlying the antiangiogenic activity of KBP and its effect on vascular leakage.
Anti-angiogenic proteins or peptide fragments can offset increased angiogenic stimulators under hypoxia and thus, are believed to have therapeutic potential. Moreover, reduction of vascular leakage by KBP can be a beneficial effect in the treatment of macular oedema in diabetic retinopathy. KBP can be produced with a high yield in E. coli as a soluble protein with kallikrein-binding activity and inhibitory effects on angiogenesis and vascular leakage [54] . It is relatively stable and has low cytotoxicity to other cell types including pericytes and Müller cells. Intravitreal injection of KBP does not cause any detectable inflammatory response or toxicity to retinal tissues and normal vasculature. Moreover, KBP is endogenously expressed in multiple tissues including the retina and vitreous. These features suggest that KBP is a promising candidate for effective anti-angiogenic reagents in the treatment of neovascular disorders and vascular leakage such as proliferative diabetic retinopathy and solid tumor.
